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Abstract 
 
     This paper describes an experimental evaluation of the energy absorption properties of a series of novel 
designs for cost-effective crashworthy composite sandwich structures. All the designs are based on the concept 
of the “tied-core” sandwich, i.e. the use of additional core reinforcements that act to tie the opposing facings of 
a sandwich together, thus preventing catastrophic failure under edgewise loading. The design, manufacture and 
crush testing of hollow rectangular tubes fabricated from six different tied-core concepts is described. Factors 
that are shown to promote high energy absorption include large, continuous areas of contact between the facings 
and the ties, non-thin sandwich facings, strong corners reinforced with continuous hoop fibres, and the use of an 
appropriate collapse trigger mechanism. 
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1. Introduction 
 
     For transport applications, the potential benefits of composite materials in 
terms of lightweighting, life-cycle costing and crashworthiness have been widely 
reported. Specifically, with respect to crashworthiness, it has been demonstrated 
that composites can be designed to exhibit higher energy absorption capabilities 
than metals (see, for example, Thornton [1], Farley [2], Schmueser & Wickliffe 
[3] and Carruthers et al. [4]). Consequently, in the event of an accident, composite 
vehicle structures ought to be able to dissipate more of the kinetic energy 
associated with the impact than conventional metallic designs. In other words, a 
properly designed composite vehicle body ought to be safer than a steel or 
aluminium equivalent. 
     However, it can be seen from recent literature surveys on the energy absorption 
of composites (Carruthers et al. [4], Jacob et al. [5]) that the majority of the 
research effort in this field has been driven by the aerospace and motorsport 
sectors. One arrives at this conclusion because most studies have been based upon 
relatively expensive high grade composite materials (e.g. carbon fibre reinforced 
epoxy prepregs). Whilst the findings are often impressive, many of the materials 
on which previous investigations have been based are outside the cost scope of the 
mass transportation sectors (trains, trams, coaches, buses). Another limitation of 
the existing research is that it tends to concentrate on very simplistic geometries 
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(tubes, cones, plates, etc.). There is little to suggest that these can be readily 
transferred to general vehicle design. If the mainstream land transportation sectors 
are to fully realise the benefits of composites, then cost-effective, lightweight, 
structural material designs are required with stable, progressive, high energy 
failure modes. 
     This paper describes the testing of a series of novel composite sandwich 
structures that have been specifically designed to fail with high levels of energy 
absorption. For many years, cost-effective sandwich structures have found proven 
application in the transport sectors. Typically consisting of two thin, stiff 
fibreglass facings separated by a lightweight polymer foam core, they are known 
to provide extremely efficient lightweight structures. However, under high energy 
impact loading, they often behave in a brittle and somewhat unpredictable 
manner. Furthermore, the fibreglass facings have a tendency to debond from the 
core leading to a sudden loss of all load-bearing capacity and subsequent 
catastrophic failure. The solution described here for overcoming these limitations 
is that of the “tied-core” sandwich. In these designs, some form of additional 
reinforcement is integrated within the core. Not only does this extra reinforcement 
provide increased stiffness and strength, but it also acts to “tie” the opposing 
facings of the sandwich together, thus preventing catastrophic core-to-facing de-
bonding. Previous work has examined the fundamental energy absorption 
behaviour of the core (Carruthers & Robinson [6-7]), the facings (Found et al. 
[8]), the ties (Found et al. [8]) and the overall sandwich (Found et al. [8]). 
Furthermore, small-scale structures have been shown to exhibit stable, progressive 
 4 
failure modes with high levels of energy absorption (Carruthers et al. [9]), as well 
as the necessary strength and stiffness for use in structural applications 
(Richardson et al. [10]). 
     In this paper, an extended experimental investigation is described in which a 
range of material configurations, insert geometries, and trigger mechanisms are 
evaluated. 
 
 
2. Material design 
 
     Six different sandwich material designs were investigated. These varied 
primarily in terms of the geometries of the core reinforcement (the so-called 
“ties”): 
 
 Single corrugation (Fig. 1a). 
 Double corrugation (Fig. 1b). 
 Dimpled (Fig. 1c). 
 Webs, perpendicular to the facings (Fig. 1d). 
 Webs, diagonal and perpendicular to the facings (Fig. 1e). 
 Tubes (Fig. 1f). 
 
     Despite the considerable variation in the geometry of the ties, they were all 
designed for the same basic purpose: 
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1. To improve the overall stiffness and strength of the foam-cored sandwich 
panels. 
2. To promote stable, progressive, high energy failure by inhibiting catastrophic 
core-to-facing de-bonding through the provision of a mechanical connection 
between the opposing facings of the sandwich. 
 
     The single corrugation tie (Fig. 1a) was one of the original concepts and has 
been reported previously by Carruthers et al. [9]. It is included here for 
comparison purposes. The double corrugation devised by Ingleton [11] (Fig. 1b) 
provides an increased level of core reinforcement compared to the single 
corrugation. The dimpled reinforcement (Fig. 1c) provides alternative 
manufacturing routes (potentially quicker and more cost-effective). The webbed 
and tubular ties (Fig. 1d – 1f) are proprietary designs of Fibrocom OY. 
     A detailed breakdown of the constituent materials used to fabricate each of the 
sandwich designs is provided in Table 1. 
 
 
3. Specimen design and manufacture 
 
     For the purposes of this investigation, hollow rectangular tubes were fabricated 
from the material systems described above. The tubes were 600 mm long with an 
external cross-section of 350 mm x 350 mm. This geometry had been previously 
defined by Ingleton [11] for a particular energy absorbing component within a rail 
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vehicle driver’s cab. A variety of different wall thicknesses were employed 
ranging from 27 mm to 63 mm. All the tubes were produced as integral single 
piece mouldings (i.e. there were no joints). Both ends of each tube were ground 
square prior to testing. Further details on the manufacturing of the individual 
specimen types are provided below. 
 
3.1. Specimens with single corrugation and double corrugation ties 
 
     Vacuum-assisted resin transfer moulding was used to manufacture the 
specimens with the single corrugation and double corrugation ties. The stages in 
their preparation were as follows: 
 
1. The dry glass fibre mats that constituted the inner facing reinforcement of the 
sandwich construction were wrapped around a mandrel (Fig. 2a). The external 
dimensions of the mandrel corresponded to the internal dimensions of the 
finished tubes. 
2. Foam beams, pre-moulded and cut to the required dimensions of the 
corrugations, were then hand-laid around the mandrel, together with an 
interleaving dry glass fibre mat that constituted the corrugated tie (Figs. 2b – 
2d). In this way, the foam beams provided the preform for the corrugation 
geometry. 
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3. Further dry glass fibre mats were wrapped around the exterior of the preform 
to provide the reinforcement for the outer facing of the sandwich construction 
(Fig. 2e). 
4. The entire preform, including the mandrel, was then inserted within a closed 
mould and injected with resin under vacuum (Fig. 2f). The resin injection 
pressure was around 1.5 bar and the vacuum pressure was around 0.5 bar. 
Once injected, the specimens were left to cure for 24 hours at room 
temperature. 
 
     Dimensioned drawings of the cross-sections of the specimens with the single-
corrugated and double-corrugated ties are shown in Fig. 3. It can be seen that, for 
the double-corrugation, two different core designs were evaluated (Figs. 3b – 3c). 
The design shown in Fig. 3c provides additional corner reinforcement, as well as 
having lower frequency corrugations. 
 
3.2. Specimens with Dimpled Ties 
 
     The specimens with the dimpled ties were prepared in a slightly different way. 
Rather than using pre-moulded foam beams to preform the dry fibre ties, the 
facings and dimpled core reinforcement were instead pre-moulded and pre-
assembled by press operations. An expanding polyurethane foam was then 
injected into the core cavities. 
     A dimensioned drawing of the dimpled ties is shown in Fig. 4. 
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3.3. Specimens with Webbed and Tubular Ties 
 
     The specimens with the webbed and tubular ties are proprietary designs of 
Fibrocom OY. Details of their manufacture cannot be provided here. Figs. 5a – 5c 
describe the dimensions of the various Fibrocom core reinforcements employed 
for this testing. For the specimens with the tubular ties, two different tie diameters 
were investigated, 10 mm and 20 mm (Fig. 5c). 
 
 
4. Test procedure 
 
     All the tubular samples were subjected to steady quasi-static axial compression 
using a hydraulic test machine with a capacity of 1500 kN (Fig. 6). 
     As reported by Thornton [1], composite structures generally require a collapse 
trigger mechanism to promote stable, progressive crushing. Otherwise, sudden 
catastrophic failure can occur. Generally, collapse trigger mechanisms create a 
region of locally elevated stress at one end of the tube from which failure initiates 
and then propagates. Three types of collapse trigger mechanism were 
investigated: 
 
1. No trigger. 
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2. A direct modification to one end of the specimen (a so-called “tulip” trigger 
specified by Ingleton [11]) as shown in Fig. 7. 
3. An external metallic trigger that was configured as shown in Fig. 8 (from 
Ingleton [11]). The advantage of this approach is that it requires no 
modification to the test specimen. 
 
     For each specimen, the compressive force-displacement characteristic was 
recorded. From this data, the following parameters were determined: 
 
 The maximum compressive strength, max , defined as: 
 
 
A
Fmax
max   (1) 
 
where maxF  is the peak compressive force (Fig. 9), and A  is the cross-sectional 
area of the walls of the specimen. 
 
 The mean crushing stress,  , defined as: 
 
 
A
F
  (2) 
 
where F  is the average post-triggering crushing force (Fig. 9). 
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 The energy absorbed per unit mass, sE , defined as: 
 
 
A
E
Es   (3) 
 
where E  is the post-triggering energy absorption, calculated as the area 
underneath the force-displacement characteristic (Fig. 9),   is the average 
density of the sandwich structure material, and   is the post-triggering 
crushing displacement. The energy absorbed per unit mass, or specific energy 
absorption, is a useful measure for comparing the performance of different 
material specifications. It is also appropriate for structures in which weight is 
an important consideration, as is often the case with transport applications. 
 
 
5. Results and discussion 
 
     Figs. 10-14 show each of the specimen types following testing. It can be seen 
that, with the use of an appropriate collapse trigger mechanism, all the designs 
collapsed in a stable, progressive manner. In each case, there was extensive brittle 
fracture in the region of the crush zone, but away from this zone the sandwich 
structures remained undamaged and intact. This is directly analogous to the use of 
distinct crush zones and survival cells in crashworthy vehicle designs. 
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5.1. The influence of the tie geometry 
 
     The comparative performances of the different tie geometries are summarised 
in Table 2. As described previously, both the mean crushing stress,  , and the 
specific energy absorption, sE , were calculated from the portion of the force-
displacement characteristic following triggering (i.e. in the steady crush 
condition). These parameters are therefore useful for comparing the effectiveness 
of the different sandwich designs in that they are independent of the triggering 
mechanism employed. 
     Based upon the observed behaviour, the following characteristics of the 
different samples were found to have a significant influence upon the resultant 
energy absorption properties: 
 
1. For high energy absorption, there should be large, continuous areas of contact 
between the facings and the core reinforcement. This is well illustrated by the 
specimens with the double corrugation ties. The type 2 design with the 25 mm 
contact lengths (Fig. 3c) exhibited a higher specific energy absorption than the 
type 1 design with the 15 mm contacts (Fig. 3b). Similarly, the single-
corrugated design, which has the largest tie-to-facing contact length of all the 
specimens (50 mm), exhibited one of the highest specific energy absorptions, 
whilst the dimpled design, with smaller more localised contact areas, had the 
lowest. The performances of the webbed samples, which have very short 
contact “nodes”, were also disappointing. It was observed that the collapse of 
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the webbed-tubes was dominated by the failure of these relatively weak 
nodes, with very little actual fracture of the outer facing (Fig. 13). 
     In general, large contact areas tend to inhibit low energy core-to-facing 
debonding, instead promoting high energy progressive brittle fracture of the 
facings. 
2. Very thin facing laminates are less effective energy absorbers. This was 
clearly seen with the webbed specimens, in which the thin outer facing tended 
to simply curl away from the crush zone rather than undergoing any 
significant fracture (Fig. 13). Thicker, more rigid facing laminates, as with the 
single corrugation, exhibited a greater propensity to fail by localised brittle 
fracture (Fig. 10). 
3. Corners (or indeed any joints) need to be properly reinforced as they will tend 
to act as stress concentrators. The continuous hoop fibres of the single-
corrugated specimens were seen to provide particularly effective corner 
reinforcement, with failure by high energy tensile fibre breakage (Fig. 10). 
Similarly, the type 2 double corrugation, with the additional corner 
reinforcement, was found to be more effective than the type 1. 
4. The best energy absorption performance, by a considerable margin, was 
exhibited by the samples with the tubular ties. The measured specific energy 
absorptions, which were in excess of 40 kJ/kg, compare favourably with 
prepreg-based systems reported elsewhere (e.g. Jacob et al. [4]). As can be 
seen in Fig. 14, the specimens failed by extensive, progressive, local brittle 
fracture of both the facings and the core reinforcement. A typical 
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experimental force-displacement characteristic for a tubular-tied specimen is 
shown in Fig. 15. The nearly rectangular profile, which is ideal for 
maximising energy absorption subject to a given maximum force, can be 
clearly seen. Of the two different tie diameters investigated (Fig. 5c), the 
smaller diameter tubular ties (10 mm) were found to provide higher specific 
energy absorptions than the larger diameter tubular ties (20 mm). This 
supports the findings of previous research by Farley [12], in which it was 
demonstrated that the specific energy absorption of composite tubes generally 
falls with increasing diameter to wall thickness ratio. 
 
5.2. The influence of the collapse trigger mechanisms 
 
     Three different triggering configurations were evaluated as part of the testing 
program: (i) no trigger, (ii) a tulip modification to one end of the specimen (Fig. 
7), and (iii) an external metallic trigger (Fig. 8). These triggers were found to 
significantly influence the initial load-displacement response of the specimens as 
follows: 
 
1. For the specimens with no trigger, the initial failure was unpredictable. About 
half the non-triggered specimens failed catastrophically. Of the remainder, the 
initial peak force, maxF , was higher than that of corresponding triggered 
specimens. Fig. 16 presents a generic comparison of the force-displacement 
characteristics of non-triggered catastrophic and progressive failures. 
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Corresponding experimental curves from actual test specimens are presented 
in Fig. 17. It can be seen that catastrophic failure results in very low crushing 
loads, with correspondingly low energy absorptions. 
     In the absence of any imposed trigger, the onset of failure will be 
influenced predominantly by small inconsistencies in the materials and/or 
geometry arising during manufacture. The random nature of such 
inconsistencies reflects the variation in the crush performance of non-
triggered specimens. 
2. All the specimens with a tulip trigger collapsed progressively. The effect of 
the tulip trigger on the initial force-displacement characteristic is illustrated in 
Fig. 18 and supported with experimental evidence in Fig. 19. Generally, the 
tulip trigger reduces the initial peak force, maxF . Following the initial peak and 
subsequent drop in force, the load then rises gradually to the steady average 
level, F , as the trigger is progressively consumed by the crush. 
     Although the tulip trigger was found to perform very well, its main 
disadvantage is that it requires a direct, and relatively time-consuming, 
modification to the specimen itself. 
3. The specimens with the external metallic trigger also crushed progressively. 
With the metallic trigger, the load-displacement characteristic exhibits two 
clear peaks (Figs. 18 and 19). The first peak corresponds to initial localised 
failures as the four pieces of the metallic trigger are loaded on to the 
specimen. There is then a short plateau as the trigger pieces are pressed into 
the walls of the sandwich structure. Once the trigger is fully indented, there is 
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then a second larger peak as the remainder of the upper surface of the test 
specimen comes into contact with the platen of the test machine. 
     The re-usable metallic trigger was found to be a convenient and effective 
method of inducing stable, progressive, high energy failure. 
 
     Clearly, by tailoring the geometries of the tulip or metallic triggers, it is 
possible to vary both the initial peak force, maxF , and the displacement at which 
the steady-state crushing force, F , is reached. Neither the tulip trigger, nor the 
metallic trigger, was found to have any significant influence on the magnitude of 
the average post-triggering crushing force, F . 
 
 
6. Conclusions 
 
     It has been demonstrated that the tied-core sandwich concept is a viable means 
of producing cost-effective sandwich structures that crush in a stable, progressive 
manner with high levels of energy absorption. Specific energy absorptions of up 
to 45 kJ/kg were recorded. Factors that have been shown to promote high energy 
absorption include large, continuous areas of contact between the facings and the 
ties, non-thin sandwich facings, strong corners reinforced with continuous hoop 
fibres, and the use of an appropriate collapse trigger mechanism. 
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Figure 1. The six different sandwich core designs that were evaluated. 
  
(a) Reinforcement for inner facing of sandwich (b) Inner foam beams 
  
 
(c) Corrugation (d) Outer foam beams 
  
 
(e) Outer facing of sandwich (f) Placed in mould for resin injection 
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Figure 2. The stages in the manufacture of the specimens with single and double-corrugated ties. 
  
(a) Single corrugation 
 
 
(b) Double corrugation (type 1) 
 
 
(c) Double corrugation (type 2) 
 
 
Figure 3. The cross-sectional geometries of the specimens with the single-corrugated and double-
corrugated ties (dimensions in mm). 
  
 
 
 
Figure 4. The geometry of the dimpled ties. 
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Figure 5. The cross-sectional geometries of the specimens with the webbed and tubular ties 
(dimensions in mm). 
  
      
 
Figure 6. A sample undergoing quasi-static axial compression. Initial configuration (left) and during 
crushing (right). 
  
 
 
Figure 7. A tulip trigger end modification. 
  
 
 
Figure 8. Four piece metallic trigger. 
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Figure 9. The measured experimental parameters. 
  
     
 
Figure 10. Specimen with single corrugation ties following testing. 
  
      
 
Figure 11. Specimen with double corrugation ties following testing. 
  
      
 
Figure 12. Specimen with dimpled ties following testing. 
  
     
 
Figure 13. Specimens with webbed ties - perpendicular to the facings (left,) diagonal and 
perpendicular to the facings (right) - following testing. 
  
 
 
Figure 14. Specimen with tubular ties following testing. 
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Figure 15. Force-displacement curve for a specimen with tubular ties. 
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Figure 16. Comparison of generic catastrophic and progressive failures for non-triggered specimens. 
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Figure 17. Experimental examples of progressive and catastrophic failures for non-triggered 
specimens. 
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Figure 18. Comparison of generic progressive failures for different triggering mechanisms. 
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Figure 19. Experimental examples of failures for triggered specimens. 
 
 
  
Table 1 
The constituent materials used to fabricate each of the sandwich designs 
Core reinforcement geometry Core reinforcement (E-glass) Foam core Facing reinforcement (E-glass) Resin 
Single 
corrugation  
[0o/90o stitched non-crimp biaxial mat 
(300/300 g/m2)]4 
(Ahlstrom 42007) 
PVC & polyurethane co-polymer 
(Klegecell R45, 45 kg/m3) 
[0o/90o stitched non-crimp biaxial mat (300/300 g/m2)]4 
(Ahlstrom 42007) 
Modified acrylic 
(Modar®1 865) 
Double 
corrugation  
45o/90o/-45o/0o stitched non-crimp 
quadriaxial mat (195/192/195/216 g/m2) 
(Ahlstrom 64004) 
PVC & polyurethane co-polymer 
(Klegecell R45, 45 kg/m3) 
Randomly oriented continuous filament mat (450 g/m2) 
(Unifilo3 U812) 
Unsaturated orthophthalic polyester 
(AropolTM 1 FS 6912) 
Dimpled 
 
Chopped strand mat (1800 g/m2) 
Rigid polyurethane 
(Isofoam RM 6259, 140 kg/m3) 
Outer (surface) layer: [0˚/90˚ stitched non-crimp biaxial mat 
(300/300 g/m2)]4 (Ahlstrom 42007) 
Inner (core) layer: chopped strand mat (450 g/m2) 
Modified acrylic 
(Modar®1 836S) 
 
Webs 
 
  
 
Woven roving (510 g/m2) 
(Ahlstrom4) 
PVC & polyurethane co-polymer 
(Divinycell H45, 48 kg/m3) 
Woven roving (290 g/m2) 
(Ahlstrom R3-290 9677) 
Epoxy  
(PRIMETM 202 with 25% slow hardener) 
Tubes 
 
0o/90º woven biaxial mat (warp/weft 
2400/2400 tex) 
(Ahlstrom4) 
Soft polyethylene5 
(Fawolon PT-228, 28 kg/m3) 
Woven roving (450 g/m2) 
(Ahlstrom R12-450 9634) 
Epoxy  
(PRIMETM 202 with 25% slow hardener) 
1
Trademark of Ashland Inc.; 
2
trademark of SP Systems; 
3 
trademark of Saint-Gobain Vetrotex; 
4
custom fabric, not commercially available; 
5
supplied by Fagerdala Tuotanto OY (Finland). 
 
  
Table 2 
The comparative performances of the different tie geometries 
Core reinforcement geometry 
  
(kg/m3) 
max  
(MN/m2) 
  
(MN/m2) 
sE  
(kJ/kg) 
Single corrugation 520 15.6 10.6 20.3 
Double corrugation (type 1) 360 8.1 6.1 17.2 
Double corrugation (type 2) 330 10.2 6.4 19.1 
Dimpled 650 12.8 9.2 15.3 
Webs, perpendicular 220 11.5 4.2 18.7 
Webs, diagonal and perpendicular 295 9.5 5.4 18.3 
Tubes (10 mm tubes) 600 35.2 27.6 45.8 
Tubes (20 mm tubes) 390 12.8 15.7 40.2 
 
